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Abstract
Aim Deposition of nitrogen is assumed to cause loss of
botanical diversity, probably through increased produc-
tion and exclusion of less competitive species. However,
if production is (co-)limited by phosphorus, acceleration
of the phosphorus cycle may be responsible for the
diversity loss and, where that is the case, nitrogen emis-
sion reduction may turn out to be an ineffective mitiga-
tion strategy. Here we study the feasibility of this mech-
anism through adding potassium and phosphorus to
grassland where nitrogen limitation is absent.
Methods We made vegetation relevés in a long-term
agricultural fertilisation experiment where potassium,
phosphorus and nitrogen were being added to grassland
on drained peat where nitrogen availability was high,
even in unfertilised plots. We applied a multivariate
analysis to investigate the effect of additions of K,
K + P and K + P + N on the species composition.
Results Unfertilised plots had a very low biomass pro-
duction and were rich in plant species despite their high
nitrogen availability. Addition of potassium led to a
strongly increased production but did not result in a
reduction of species numbers. Phosphorus in addition
to potassium increased production still further and de-
creased species numbers, most notably the number of
endangered species.
Conclusions Even under nitrogen rich conditions spe-
cies richness may be high in grasslands where phospho-
rous provides a limitation to plant growth. Phosphorus
limitation and phosphorus enrichment are both common
in grassland, at least in north-western Europe. Part of the
general decrease in species numbers that is commonly
ascribed to nitrogen enrichment may therefore be due to
phosphorus enrichment. If phosphorus and nitrogen are
co-limiting (which is often the case) the current nitrogen
emission reduction policies may be effective, but not
sufficient to restore grassland diversity to its pre-
industrial level.
Keywords Nutrient limitation . Co-limitation .
Grassland .Mowing . Species richness . Biomass
production . Drained peat . Poland
Introduction
Nitrogen enrichment is considered one of the most
prominent threats to biodiversity worldwide (Sala et al.
2000). In the terrestrial environment nitrogen is an im-
portant limiting nutrient for primary producers over a
wide variety of ecosystems (LeBauer and Treseder
2008). Worldwide, but most prominently in Western
Europe, atmospheric deposition of reactive nitrogen
originating from agriculture and combustion processes
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has led to a reduction of botanical diversity (Bobbink
and Hettelingh 2011). The most popular explanation is
that addition of nitrogen results in an increase of bio-
mass production and a shift from nutrient limitation to
light limitation and thus to the dominance of a few
species that most efficiently convert light into biomass
(Stevens et al. 2004; De Schrijver et al. 2011). Consid-
erable effort is put into a reduction of nitrogen emissions
(both as ammonia and as nitrogen oxides) (Erisman
et al. 2003), and in local mitigation of the effects of
excess nitrogen (Stevens et al. 2011). The ‘critical load’
approach (Bobbink and Hettelingh 2011) provides a
widely accepted, quantitative basis to the nitrogen emis-
sion reduction policy.
The production increase and loss of diversity will only
occur if nitrogen is indeed limiting. Locally, or even on a
larger scale nutrients other than nitrogen may be limiting
(Wassen et al. 2005; Elser et al. 2007). Of these, phospho-
rus is the most probable candidate although potassium
(Van Duren and Pegtel 2000) and iron (Jickells et al.
2005) have also been proposed. In contrast to nitrogen or
potassium, phosphorus is highly immobile in soils and
plants have different strategies to actively acquire phos-
phorus (Vance et al. 2003; Olde Venterink 2011), for
example through exudation of phosphatase (Kroehler and
Linkins 1988) or mycorrhizal infection (Furlan and
Bernier-Cardou 1989). This may lead to higher species
richness under P-limited than under otherwise comparable
N-limited conditions. Fujita et al. (2014) found that P-
limited conditions favour species that invest little in sexual
reproduction and are thus vulnerable to local extinction.
Olde Venterink et al. (2003) found indications that under
P-limited conditions endangered plant species persist at
higher production levels than under N-limited conditions.
P enrichment may therefore be even more detrimental to
plant species diversity than N enrichment (Wassen et al.
2005). Ceulemans et al. (2014), in a large-scale gradient
study, showed a clear negative relationship between spe-
cies number in grassland plots and P availability, indepen-
dent of the level of atmospheric N deposition. Like the
global carbon (Falkowski et al. 2000) and nitrogen
(Galloway and Cowling 2002) cycles, the phosphorus
cycle has been accelerated by human activities during
previous centuries, and probably even more strongly so
(Wassen et al. 2005), which would be a serious threat to
biodiversity if P-limitation is a widespread phenomenon.
In a large-scale meta-analysis of N and P fertilisation
experiments, Elser et al. (2007) showed that over a wide
range of marine, freshwater and terrestrial ecosystems,
production is most often co-limited by nitrogen and
phosphorus (this does not exclude co-limitation by other
nutrients but these were not included in their study).
These authors show that the occurrence of N + P co-
limitation is not only common in the three biomes, but
within the terrestrial environment it is also common over
a wide range of ecosystem types (forest, grassland,
wetland, tundra). Harpole et al. (2011) analysed a subset
of Elser et al.'s (2007) database including only factorial
addition experiments. When the effect threshold is set to
a production increase of 35 % compared to blank treat-
ments they report a form of co-limitation in c. 50 %,
single-nutrient (either N or P) limitation in c. 15 %, and
no or a negative effect in the remainder of their 641
investigated studies. Although co-limitation is apparent-
ly the most common situation, its formmay vary widely,
from purely additive to multiplicative or ‘serial’ (i.e. one
nutrient has an effect and the second only if the first is
also added). These results again seem to be surprisingly
similar for the three biome types (terrestrial, freshwater,
marine).
In a meta-analysis of nitrogen addition experiments
LeBauer and Treseder (2008) arrived at similar conclu-
sions for nitrogen limitation in terrestrial ecosystems.
They also found that the ‘geophysical hypothesis’
(Walker and Syers 1976), which predicts a poleward
increase of nitrogen limitation because glaciation in-
creases phosphorus availability, is not generally true.
Although co-limitation is apparently the common situa-
tion, single-nutrient limitation may locally occur for
nitrogen and phosphorus but possibly also for potassium
(Van der Woude et al. 1994). If nitrogen is not a limiting
nutrient in an area with a high nitrogen deposition
reduction of deposition may be ineffective and efforts
should be directed towards reduction of inputs of phos-
phorus or potassium if the aim is to decrease biomass
production in order to protect threatened species.
There is a question related to the effect on species
composition of adding limiting nutrients. By definition
the addition of a limiting nutrient will result in an
increase in production. Usually, this increase is accom-
panied by a shift in species composition, which most
often entails a reduction of the overall species number,
but most notably of the number of threatened species
(Wamelink et al. 2003; Olde Venterink et al. 2003;
Hecjman et al. 2010). Studies on the effect of nutrient
additions usually concentrate on species numbers rather
than on species composition (cf. Grace 1999;Mittelbach
et al. 2001), and often have the aim of testing Grime’s
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(1979) ‘hump-back hypothesis’ (cf. Grace et al. 2016 for
a critical re-assessment of this hypothesis). In consider-
ations of species composition two hypotheses may be
put forward: (a) addition of a limiting nutrient will lead
to a production increase, and consequently to a shift
towards more productive species (of which there are
less than of low-productive species); or (b) addition of
a limiting nutrient will lead to a shift in the relative
availabilities of nutrients, and thus to a shift in species
composition, as species differ in their abilities to exploit
various resources (the ‘resource-ratio hypothesis’,
Tilman 1982). In the former the species composition
would only depend on the production, while in the latter
a different limiting nutrient would lead to a shift in
species composition, even if production remains
unchanged.
Here we present the results of a long-term factorial
fertilisation experiment in grassland on drained peat,
where the following treatments were applied: blank,
addition of potassium, addition of potassium and phos-
phorus, and of potassium, phosphorus and nitrogen.
This experiment was originally set up in order to find
optimal fertiliser applications for the agricultural use of
drained peat. It attracted our attention because: (a) a part
of the plots is rich in species compared to normal agri-
cultural grassland; and (b) the experiment exhibits a
strong co-limitation of P and K, but not of P and N
(Kamínsky and Szymanowski 2007). Our aims are: (1)
to investigate the effect of the fertilisation treatments on
above-ground biomass production as a test of Harpole
et al. (2011) hypothesis of co-limitation as the most
common situation (as opposed to Von Liebig’s (1840)
Law of the Minimum that predicts single-nutrient limi-
tation); (2) to investigate the effect of the treatments on
the overall number of species and presence of endan-
gered species as a test of Olde Venterink et al.'s (2003)
hypothesis of endangered species persistence under P-
limited but N-rich conditions; and (3) to investigate
whether, in a production gradient, species composition
only depends on production or also on the nature of the
limiting nutrient(s) as a test of Tilman’s (1982) resource-
ratio hypothesis. An important limitation of our experi-
ment is that it is not full-factorial, i.e. it does not include
application of phosphorus or nitrogen alone. This means
that, except for potassium, we cannot determine the
effect of adding a single nutrient, and, depending on
the outcome of the experiment, it will not be possible to
discriminate between co-limitation and single-nutrient
limitation in all cases.
Materials and methods
The long-term agro-technical experiment at the Re-
search Station for Land Reclamation and Grassland
Farming (IMUZ) Biebrza (Fig. 1) was installed in the
period 1957–1959 (Gotkiewicz et al. 1980; Gotkiewicz
1987; Okruszko 1989). Its original aimwas to determine
optimal fertilisation treatments for increasing agricultur-
al productivity on drained peat in Eastern Poland. The
experiment is located at Biebrza, near Grajewo, Poland
(53°38′27″ N, 22°35′17″ E), and consists of 216 adja-
cent plots of 14 × 6 m that form a factorial management
x fertilisation experiment. The experiment is fenced as a
protection against large herbivores.
The management treatments are: (1) permanent
grassland; (2) arable land; and (3) ‘ley’ (i.e. alteration
of grassland and arable land); however, the present
analysis confines itself to the permanent grassland plots.
The fertilisation treatments are: (1) blank; (2) addition of
potassium; (3) addition of potassium and phosphorus;
and (4) addition of potassium, phosphorus and nitrogen.
These treatments are denoted as O, K, PK and NPK,
respectively. These nutrients were added yearly, their
forms and quantities are given in Table 1. In the perma-
nent grassland plots some species were sown at the start
of the experiment (Appendix I).
There are three blocks, but in 1992 scrub encroach-
ment began to take place when treatment of one of them
was discontinued. The present analysis therefore con-
fines itself to the two remaining blocks. Each block
contains 6 replicates per treatment, placed in a
randomised design; the total number of plots analysed
is therefore 48 (4x6x2 for the fertilisation treatments,
replicates and blocks, respectively). The layout of the
Fig. 1 Overview of the experiment during harvest 1st of
July 1996
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experiment is shown in Appendix II. Each plot was
harvested twice a year, in the last weeks in June and
August. In 1996 the harvested biomass was oven-dried
and weighed; in the analysis of the data the sum of both
harvests was used. In June 1996 vegetation relevés were
made before the harvest in all plots. A net surface area of
12 × 3 m was used to avoid edge effects. The relevés
consisted of estimates of ground cover percentages per
species (phanerogams, mosses and lichens). In our anal-
yses we only used data collected in 1996 as the analysis
of time series was not our aim in this study.
For each plot an index for nature conservation value
was computed according toVanDobben et al. (2015). This
index is computed on the basis of the actual rarity and
decline of each species over the past 20 years, and can be
seen as an estimate of the probability of finding species that
are listed in the International Union for the Conservation of
Nature (IUCN) Red List (IUCN 2012) in this or a compa-
rable vegetation type. We used data derived from the
Dutch Red List (Van der Meijden et al. 2000) because it
gives detailed quantitative information on rarity and de-
cline (also compare Olde Venterink et al. 2003).
We used multivariate statistics to relate species com-
position per plot to the treatments. Total number of
species, the nature conservation index and production
were related to the treatments using ANOVA and mul-
tiple regression. We used the program package
CANOCO (Ter Braak and Šmilauer 2012) for the mul-
tivariate analyses, and the program package GENSTAT
V.17.1 (VSN International 2014) for all other statistical
computations. Nomenclature of vascular plants follows
Flora Europaea (Tutin et al. 1964–1980), in some cases
supplemented by the Polish checklist of Mirek et al.
(2002). For lichens we followed Smith et al. (2009),
and for bryophytes Siebel and During (2006). For iden-




Fertilization has a highly significant effect on produc-
tion (ANOVA, P < 0.001) (Fig. 2). Production increases
in the order O < K < PK ≤NPK; the production levels in
the PK and NPK treatments do not differ significantly
(P > 0.05). The response ratios (production of fertilised
plot / production of unfertilised plot; Harpole et al.
2011) are 3.35 for the K vs. O contrast and 2.78 for
the PK vs. K contrast and thus fall well within Harpole
et al.'s criterion for ‘biological significance’. The value
of 1.08 for NPK vs. PK falls outside this criterion. The
production in the O treatment is low even compared to
unfertilised natural grasslands, and the production in the
PK and NPK treatments is low compared to agricultural
standards (compare e.g. Tallowin and Jefferson 1998).
Species number and nature conservation value
Both the species number and the nature conservation
value (determined by the presence of rare or declining
species) are significantly influenced by the treatments.
For both these variables the difference between the O
and K treatments is not significant, and neither is the
contrast between PK and NPK (Fig. 2). The value of
both variables increases in the order NPK ≤ PK <K ≤O.
Both species number and conservation value decrease
highly significantly (P < 0.001) with increasing produc-
tion (Fig. 3, Table 2). In a regression model, species
number and conservation value are almost equally well
explained by either production, the fertilisation treat-
ments, or their combination; the only exception being
that the conservation value is slightly (but significantly,
P ≈ 0.01) better explained by the treatments (Table 2).
Multivariate approach
A preliminary analysis showed that the heterogeneity in
the vegetation data was rather limited (‘gradient length’
sensu Ter Braak andŠmilauer (2012) is 2.5 for the first axis




/ ha / y)
Fertiliser added Period Block
K 83.0 KCl 1957–1988 all
K 124.5 KCl 1989–1994 all
K 124.5 KCl 1995–1996 I
K 83.0 KCl 1995–1996 II
P 21.8 superphosphate 1957–1988 all
P 32.7 superphosphate 1989–1994 all
P 32.7 superphosphate 1995–1996 I
P 21.8 superphosphate 1995–1996 II
N 60.0 NH4NO3 1957–1996 all
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RDA) for our analyses. The general pattern that emerges
from a PCA ordination of all plots is that the first axis (the
most important one in terms of explained variance) repre-
sents the contrast O and K vs. PK and NPK, the second
axis represents the O vs. K contrast, and the third axis the
PK vs. NPK contrast (Figs. 4 and 5). No ecological inter-
pretation could be found for the fourth axis.
The strength of the effect of the treatments on the
species composition of the plots was determined by
forward selection in RDA (the ‘canonical’ form of
PCA, cf. Ter Braak and Šmilauer 2012). Again the effect
of all contrasts is highly significant except PK vs. NPK
which is nearly significant (P ≈ 0.06) (Table 3).
Figure 4 is the sample plot for the first two axes
resulting from PCA, and shows the production, number
of species, and conservation value of each plot. The data
points belonging to the O, K, and [N]PK treatments
form three very distinct clusters, thus illustrating the
strong effect of the treatments on the species composi-
tion. These plots also clearly show the increase of pro-
duction in the direction K < PK < [N]PK, and the
concomitant decrease in both species number and nature
conservation value. For conservation value the decrease
is more outspoken than for species number, but for both
indices the difference between the O and K treatments is
only small.
Response of individual species to the treatments
In the PCA biplots there appear to be three rather distinct
groups of species that are associated with the O, K and
[N]PK treatments (Fig. 5). The O treatment is mainly
characterised by the absence of grasses (except Festuca
spp.) and the presence of Carex nigra, Rumex acetosa
and a high number of cryptogamic species (e.g.
Cladonia spp., Polytrichum juniperinum or Ceratodon
purpureus). The plots of the other treatments mainly
contain meadow species and weedy species. Those of
the K treatment are often species of oligotrophic or
mesotrophic grassland (e.g. Phleum pratense, Luzula
Fig. 2 Effect of the treatments on mean production (upper),
number of species per plot (middle), and nature conservation
value (lower). Error bars are 95 % confidence intervals; different
letters indicate significant (P < 0.05) differences based on a t-test.
Nature conservation value is on an arbitrary scale with
interpretation: >15: high probability to find red-list species; 12–
15: red-list species may be present; <12: very low probability to
find red-list species
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campestris, L. multiflora, Plantago lanceolata,
Hieracium pilosella, Carex panicea or Stellaria
graminea); while in the PK and NPK treatments species
of more eutrophic grassland occur (e.g. Arrhenatherum
elatius, Poa pratensis, Bromus inermis or Urtica
dioica). Grasses like Lolium perenne, which is
Fig. 3 Relation between
production and number of species
(upper) or nature conservation
value (lower) per plot. Symbols
indicate treatments. Regression
equations are: N species
=34.6*** + 1.05ns X (Block
dummy) - 1.32*** X Production
(62 % explained variance) Cons
value =13.5*** + 0.43ns X (Block
dummy) - 0.55*** X Production
(71 % explained variance). Block
effects are included as a dummy
variable with value 1 in Block 1
and 0 in block 2. Superscripts
indicate significance of regression
coefficients determined by a
t-test, ns: P > 0.05, ***:
P < 0.001. See Fig. 2 for the
interpretation of conservation
value
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characteristic of highly productive eutrophic grassland,
are however absent from our plots. The most obvious
floristic difference between the PK and NPK treated
plots is that the NPK plots contain more weedy species
(e.g. Stellaria media, Conyza canadensis, Viola
arvensis, Lamium purpureum) and the PK plots contain
more grasses (e.g. Poa pratensis, Arrhenatherum
elatius). However, the floristic difference between the
latter two treatments is small (Table 3).
Discussion
Production
The most conspicuous features of our experiment are the
virtual absence of any effects of nitrogen addition, and the
very high nitrogen availability due to mineralisation of the
drained peat (Okruszko et al. 1988). If nitrogen and phos-
phorus are considered, our experiment seems to belong to
the less common case of ‘single-nutrient limitation’, al-
though sub-additive independent co-limitation in the sense
of Harpole et al. (2011) cannot be ruled out (in that case the
production of hypothetical K + N plots would be equal to
the production of K + P and K + P + N plots). However, if
potassium and phosphorus are considered there is co-
limitation or at least serial limitation, as potassium alone
significantly increases production; the combination of
phosphorus and potassium still further (and again signifi-
cantly) increases production.
Species number and nature conservation value
Both species number and nature conservation value appear
to decrease almost linearly with increasing production, but
conservation value is slightly better explained by the
treatments than by production (Table 2). This is an indica-
tion that the presence of endangered species is at least
partly determined by the individual nutrients and not ex-
clusively by production. The negative relationship between
species number and production has been found in many
other studies (cf. Huston 2014), however the ‘hump-back’
relationship between species number and production
postulated by Grime (1973, 1979) is only weakly present
in our data, even though our relationship can be seen to
begin at extremely low production values. In our plots the
highest species number (37 species in a plot of 36 m2) was
found at a low (1.74 t.ha−1), but not the lowest (0.31 t.ha−1)
production. Our results strongly disagree with Laliberté
et al. (2014) who, in a study on a soil chronosequence,
found soil factors (and most notably pH) to be the key
factor that determines species richness, independent of
production.
Species composition
The effect of the treatments on the species composition
of the plots appears to be very large. The eigenvalues
(which in our scaling can be seen as fractions explained
variance) are 0.42, 0.16 and 0.04 for the first, second
and third axis respectively, which is high for ecological
data that usually have percentages explained variance in
the order of 10% for the first axis. However, such values
are not uncommon for designed experiments (Van
Dobben et al. 1999). The total percentage explained
variance (59 %) is also high for ecological data but not
uncommon in this type of experiment.
The slightly better prediction of nature conservation
value by the treatments than by production suggests that
the variation in species composition is not purely one-
dimensional as would be expected if it were only deter-
mined by production. This is confirmed by the PCA
Table 2 Number of species and nature conservation value ex-
plained by production, fertilisation and their combination. The
figures in each row give the effect of the change indicated in the
first column (with +, addition of a term to the model in the row
above, for the first row this is a null model of only block effects;
and -, deletion of a term from the model in the row above).
F = (difference in regression mean square due to given change) /
(error mean square), P = probability of a higher F-value under the
null hypothesis determined by ANOVA
Number of species Conservation value
Model % explained variance F P % explained variance F P
+ production + 62.1 % 79.1 <0.0001 + 71.3 % 118.5 <0.0001
+ fertilisation + 1.5 % 1.6 0.206 + 5.0 % 4.2 0.011
- production - 0.5 % 1.5 0.225 + 0.6 % 0.1 0.830
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results (Fig. 4) that showed a clearly two-dimensional
variation with three distinct clusters of plots associated
with the O, K and [N]PK treatments respectively. The first
axis, which represents the most important direction of
variation (its eigenvalue is far higher than the eigenvalue
of the second axis) coincides with the +P vs. -P contrast,
while the second axis coincides with the O vs. K contrast.
A third, less distinct dimension coincides with the +N vs. -
N contrast (Table 3, Fig. 5). The K treatment leads to a
significantly higher production compared to the O treat-
ment, but not to a significantly lower species number or a
lower conservation value (Figs. 2 and 3). This means that
in theK treated plots the number of [endangered] species is
higher than expected on the basis of production. Or, in
other words, the number of [endangered] species seems to
depend on the +P vs. -P contrast rather than on production.
The species composition of K treated plots is significantly
different from the O plots (Table 3), but the difference
entails a shift in species composition (mainly from
cryptogams to grasses; Fig. 5) rather than a loss of species.
Fate of the added nutrients in the soil
In a balance study of the PK fertilised plots over the
period 1958–1982, Okruszko et al. (1988) estimate the
yearly N mineralisation to be 674 kg N ha−1 y−1, based
on measurements of peat subsidence and N content of
the peat (Table 4). Further, they estimate the uptake by
the crop (and subsequent removal by hay) to be
205 kg N ha−1 y−1. The latter figure may seem high (at
a yearly production of 6.3 t DM ha−1 (Fig. 2) this would
mean a N content of 3.1 %). However, the productivities
of the plots have substantially decreased since the start
of the experiment in 1958, when the O plots produced c.
7 t DM ha−1 and the fertilised plots c. 12 t DM ha−1
(Gotkiewicz and Gotkiewicz 1987). Also the N
mineralisation reported by Okruszko et al. (1988) seems
very high compared to values in the order of
100 kg N ha−1 y−1 for drained peat in the same area
reported by Olde Venterink et al. (2009). Okruszko et al.
(1988) estimate that of the 469 kg N ha−1 y−1 that is not
taken up by the crop, 63 kgN ha−1 y−1 is lost by leaching
and denitrification, while the remainder is again
Fig. 4 Ordination results: sample plot of first and second PCA
axis. The blocks were used as a covariable. Data points correspond
to individual plots, colours to treatments, and symbol size to
production (upper), number of species (middle) and nature
conservation value (lower; see Fig. 2 for its interpretation)
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incorporated in organic matter in ‘muck’ (degraded,
mineralised peat) (Table 4). As a result, the total N
content of muck is c. 30–35% higher than in the original
peat that formed it (Okruszko 1960).
In contrast to N, there is a strong depletion of K in the
course of the experiment: in the PK-fertilised plots the total
K content of the soil in 1982 had been reduced to 12 % of
its value at the start in 1958. Therefore the unfertilised plots
can be assumed to be strongly K-limited, and even the K-
fertilised plots may still be K-limited. In general, the
removal of K with hay in annually mown grassland on
sandy or peaty soil is high, which makes such ecosystems
sensitive to K-limitation (Table 4; Van der Woude et al.
1994; Van Duren and Pegtel 2000). For P this is less
obvious. In the fertilized plots P accumulates in the soil,
although possibly in a form unavailable to plants, through
binding by amorphous aluminium and iron oxides
(Okruszko et al. 1988; Freese et al. 1992). Even in the
unfertilised plots the mineralisation of P still exceeds the
removal through hay (Table 4). Note that the relative effect
of K fertilisation on production exceeds that of P
fertilisation (response ratios sensu Harpole et al. (2011)
are 3.35 and 2.78, respectively; Fig. 2).
Comparison to other N addition experiments
In a stable situation in grassland on sandy soils the N
mineralisation should balance the organic matter left after
hay cutting (Wamelink et al. 2009). If for example 1 t ha−1
is left, containing 2.5%N,mineralisationwould amount to
a maximum of 25 kg N ha−1 y−1. If this amount is
increased by some 10–20 kg N ha−1 y−1, e.g. by deposi-
tion, a conspicuous loss of species usually occurs
(Bobbink and Hettelingh 2011). Stevens et al. (2004,
2010) and Maskell et al. (2010) report a decrease from c.
20 species per plot (4 m2) to less than 10 if deposition
increases from c. 10 to c. 40 kg N ha−1 y−1 for acid
grassland in north-western Europe. In our plots species
numbers are c. 33 species per plot (36 m2) in plots that
do not receive P and c. 25 in the P-fertilised plots (Fig. 3).
These numbers are high compared to those given by the
authors cited above, which may be partly due to the larger
plot size in our study. However, our mineralisation figures
exceed the deposition values used in the above-cited stud-
ies by almost an order of magnitude. Extrapolation of
Stevens’ (2010: Fig. 1) regression line to our
mineralisation value of c. 500 kg N ha−1 y−1 would result
in far less than one species per plot (of 4 m2), and the value
of 100 N ha−1 y−1 reported by Olde Venterink et al. (2009)
would result in only two species, while in fact the mini-
mum encountered in our study is 20 species per plot (of
36 m2). Our results therefore suggest that the decrease in
species number with increasing N deposition is not a direct
effect of N availability but rather an indirect effect that
comes about through, for example, production.
Effect of N vs. P on species number and nature
conservation value
Olde Venterink et al. (2003) and Wassen et al. (2005)
found indications that at a given production the number
of threatened species (i.e. appearing on the Dutch Red
List: Van der Meijden et al. 2000) is higher under P
limitation than under N limitation. We cannot use our
data as a test of this hypothesis as we did not find any N
limitation; however we did find a comparable phenom-
enon. The K-fertilised plots have a significantly higher
production than the unfertilised ones, but there is no
significant difference with the O treatment in relation
to species richness or in nature conservation value
(Figs. 2, 3 and 4). Both the unfertilised and the K-
fertilised plots can be assumed to be P (co-) limited,
while in the PK and NPK-fertilised plots this P-
limitation is (at least partly) lifted. These plots have both
a significantly higher production and a significantly
lower species richness and conservation value (Fig. 2).
Apparently lifting the P-limitation causes a decrease in
the number of species while lifting the K-limitation does
not. Note that N-limitation is absent in our data and
present only at high production levels in Olde Venterink
et al.'s (2003) data. An explanation may be that there are
more forms of P in the soil and, consequently, more
strategies to acquire P (such as mycorrhiza or exudation
of phosphatase) than to acquire N or K, both of which
are highly mobile in soils (Olde Venterink 2011). There
is a striking resemblance between our species richness
vs. production plot (Fig. 3) and Olde Venterink et al.'s
(2003) plots for P-limited situations (i.e. high maximum
species number at very low production and sharp de-
cline at higher production levels, and absence of pro-
duction levels above c. 6 t ha−1). This suggests that the
same mechanisms are indeed active in spite of very
different N availabilities.
General conclusions
In relation to whether species richness is primarily de-
termined by production, by abiotic conditions or by a
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combination (see e.g. Gough et al. 1994; Grace 1999;
Olde Venterink et al. 2001; Laliberté et al. 2014), our
results are somewhat contradictory. We found slightly
different effects for K and P additions on numbers of
[endangered] species and on production; which is an
indication that species richness not only depends on
production, but at least partly on the relative
availabilities of these nutrients. However, in our exper-
iment addition of N does not have any effect on species
richness, which is in sharp contrast to the majority of
other N addition experiments where N leads to a sharp
decline in species numbers. In our view this can only be
explained by assuming that our case is an exceptional
one where nutrients other than N are limiting
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production. This hypothesis is supported by the absence
of a significant effect of N addition on production.
However, for this hypothesis to be true, one has to
assume that species composition depends entirely on
production. Taking everything together the most proba-
ble hypothesis is that the number of [endangered] spe-
cies is primarily determined by production, but can be
modified by the nature of the limiting nutrient(s). Olde
Venterink et al.’s (2003) hypothesis of a higher species
number under P limitation compared to N limitation at a
given production is coherent with the above hypothesis;
however, this would need to be confirmed with further
testing.
Implications for nature conservation
There is overwhelming evidence, both experimental and
observational, that nitrogen enrichment leads to a loss of
species, at least for vegetation in the terrestrial
environment; this evidence is summarised by Bobbink
and Hettelingh (2011) or De Schrijver et al. (2011).
Species loss through N enrichment appears to be wide-
spread although it is most prominent in the temperate
zone (Sala et al. 2000). This agrees with the widespread
occurrence of N limitation that has been shown by
the large-scale meta-studies cited earlier. If P is
important as a limiting nutrient worldwide, as put
forward by Wassen et al. (2005), it will usually be
co-limiting so that even in that case addition of N
will lead to increased production and loss of spe-
cies. It can therefore be concluded that there is
little scientific evidence for Wassen et al.'s (2005)
view that the occurrence of a widespread limitation by P
alone, together with a strong P enrichment of the envi-
ronment, makes N emission reduction an ineffective
tool for preserving biodiversity.
We also observed the sharp decline in species rich-
ness as a response to the lifting of P-limitation, even at a
moderate increase of production, that was previously
seen by Olde Venterink et al. (2003). In practice this
may mean that if P is added to a species-rich,
P-(co)limited site, a strong loss of botanical diversity
may occur, irrespective of effects of N. As P is highly
immobile in soils this is most likely to occur in sites that
are influenced by external supply of surface-water such
as fens or mires. However, spreading of fertiliser dust
(Ceulemans et al. 2014) or chemical changes in the soil
that increase P availability (e.g. acidification; Hinsinger
2001) may also play a role. Our results also lend support
Fig. 5 Ordination results: species plot. The upper plot gives the first
and second PCA axis, the lower the first and third axis. Eigenvalues
are 0.42, 0.16, and 0.04 for the first, second and third axis,
respectively, i.e. the two plots together explain 63 % of the
variance in the species data (after accounting for block effects).
The treatments are indicated as their centroids (triangles); a
notional arrow can be drawn from the origin to each species name,
the projection of a centroid on an arrow is the fitted abundance of
that species in that treatment, with scaling: origin = mean, head of
arrow =mean + standard deviation (and mirror-image of arrow head
with respect to origin = mean - standard deviation). Note that the
centroids for the treatments are those of the respective sample scores
in PCA and not in RDA (which was only used to determine the
strengths of the treatment effects and not to make a picture of the
effects themselves). Only species with at least three occurrences are
displayed, some species names in the left part of the lower plot have
been removed to increase readability. Explanation of abbreviated
species names (phanerogams first letter uppercase, cryptogams first
letter lowercase, * indicates that a species has been sown at the start
of the experiment) Achilmil, Achillea millefolium; Agrossto,
Agrostis stolonifera*; Anthrsyl, Anthriscus sylvestris; Arrheela,
Arrhenatherum elatius; Betulpub, Betula pubescens; bractalb,
Brachythecium albicans; Bromuine, Bromus inermis*; Campapat,
Campanula patula; Capsebur, Capsella bursa-pastoris; Cardnare,
Cardaminopsis arenosa; Carducri, Carduus crispus; Carexnig,
Carex nigra; Carexpan, Carex panicea; Carexser, Carex serotina;
ceradpur, Ceratodon purpuraeus; Cerasfon, Cerastium fontanum;
Cerassem, Cerastium semidecandrum; Cirsiarv, Cirsium arvense;
cladochl, Cladonia chlorophaea; cladocoi, Cladonia ochrochlora;
cladofim, Cladonia fimbriata; cladopyx, Cladonia pyxidata;
cladorei,Cladonia rei; climaden,Climacium dendroides;Convoarv,
Convolvulus arvensis; Dactyglo, Dactylis glomerata*; Deschces,
Deschampsia cespitosa; Elymurep, Elymus repens; Epiloros,
Epilobium roseum;Erigecan,Conyza canadensis; Festuaru,Festuca
arundinacea*; Festuo-O, Festuca ovina; Festupra, Festuca
pratensis*; Festur-C, Festuca rubra*; Fragaves, Fragaria vesca;
Galeotet, Galeopsis tetrahit; Galiumol, Galium mollugo; Heracsos,
Heracleum sosnowskyi; Hierapil, Hieracium pilosella; Inulabri,
Inula britanica; Lamiup;P, Lamium purpureum; Leontaut,
Leontodon autumnalis; Leucavul, Leucanthemum vulgare;
Linarvul, Linaria vulgaris; Lotuscor, Lotus corniculatus*;
Luzulcam, Luzula campestris; Luzulmul, Luzula multiflora;
Lysimvul, Lysimachia vulgaris; Lythrsal, Lythrum salicaria;
Mediclup, Medicago lupulina; Phalaaru, Phalaris arundinacea;
Phleupra, Phleum pratense*; plagmcus, Plagiomnium cuspidatum;
Plantlan, Plantago lanceolata; Poa pra, Poa pratensis*; Poa pal,
Poa palustris*; polymjun, Polytrichum juniperinum; Polynavi,
Polygonum aviculare s.l.; Polynper, Polygonum persicaria;
Potenans, Potentilla anserina; Potennor, Potentilla norvegica;
Prunevul, Prunella vulgaris; Ranunacr, Ranunculus acris;
Ranunaur, Ranunculus auricomus; Ranunfla, Ranunculus
flammula; Ranunrep, Ranunculus repens; Rhamncat, Rhamnus
catharticus; Rumexace, Rumex acetosa; Rumexact, Rumex
acetosella; Saginnod, Sagina nodosa; Silenl-A,Melandrium album;
Soncharv, Sonchus arvensis; Stellaqu, Myosoton aquaticum;
Stellgra, Stellaria graminea; Stellmed, Stellaria media; tarax-sp.,
taraxacum officinale; torturur, Syntrichia ruralis; Tragopra,
Tragopogon pratensis; Triforep, Trifolium repens*; Urticdio,Urtica
dioica; Veronarv, Veronica arvensis; Veroncha, Veronica
chamaedrys; Viciacra, Vicia cracca; Violaarv, Viola arvensis;
Violacan, Viola canina.
>
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to the hypothesis that unfertilised haymeadows on peaty
soil may become strongly K-limited in the long run (e.g.
Van Duren and Pegtel 2000; see also Fay et al. 2015),
but we did not find indications that this will lead to a
higher species richness. In cases with a very strong K
and/or P-limitation (like ours) N emission reduction
would indeed be ineffective for preserving diversity
(as has been put forward by Wassen et al. 2005). How-
ever, we believe that the case reported here is extreme
due to the very strong mineralisation that is in turn
caused by drainage of the peat (groundwater in summer
is 85–95 cm below surface level). In practice such deep
drainage of peat soils is never applied in natural areas
because the resulting mineralisation and concomitant
soil subsidence are considered highly unwanted phe-
nomena (Borger 1992). We conclude that N emission
reduction is likely to be an effective strategy for pre-
serving or restoring botanical diversity, even though
limitation by P and/or K may be common. However,
an increase in P availability due, for instance to
application of fertiliser or influx of nutrient-rich sur-
face water will most probably lead to a further loss of
species. In general our data lend experimental support to
the view of Ceulemans et al. (2014) that the general
decrease of species numbers in the grasslands north-
western Europe is not only due to enrichment by N but
also by P.
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Appendices
Appendix I: species sown at the start
of the experiment
Species year of sowing
Festuca rubra 1957 1958 1959
Bromus inermis 1957
Phleum pratense 1957 1958 1959
Festuca arundinacea 1958 1959
Poa pratensis 1957 1958 1959
Festuca pratensis 1957 1958 1959
Dactylis glomerata 1957 1958 1959
Trifolium repens 1957
Agrostis stolonifera 1957 1958 1959
Poa palustris 1957 1958 1959
Lotus corniculatus 1957
Trifolium hybridum 1958 1959
Lotus uliginosus 1958 1959
Table 3 Significance of the effect of treatment on species com-
position: result of forward selection of treatment variables in RDA.
F = (difference in regression mean square due to given contrast) /
(error mean square); P = probability of a higher F-value under the
null hypothesis as determined on the basis of 9999 bootstrap
samples; % explained variance = increase in explained variance
on inclusion of the given contrast in the model
Contrast F % explained variance P
O vs fertilised 32 30 % <0.0001
K vs [N]PK 16.05 26 % <0.0001
PK vs NPK 1.38 2 % 0.057
SUM 59 %
Table 4 Balance of N, P and K in the PK fertilised plots over the
period 1958–1982 (after Okruszko et al. 1988). Unit: kg element
ha−1.y−1. The numbers are the source and sink terms of N, P and K
in the soil, a positive balance difference indicates re-incorporation
into organic matter and a negative value indicates depletion
N P K Source
+674 +28.8 +24.2 mineralisation
0 +22.2 +83.3 fertiliser addition
-205 -19.6 -101.4 uptake
-63 0 -67.8 loss to atmosphere or groundwater
+406 +31.4 -61.7 balance difference
462 Plant Soil (2017) 411:451–466
Appendix II: Layout of the experiment. after Gotkiewicz and
Gotkiewicz (1987). Seria I = block I, Seria II = block II, Seria
III not used
Plant Soil (2017) 411:451–466 463
Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestrict-
ed use, distribution, and reproduction in any medium, provided
you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons license, and indicate if
changes were made.
References
Bobbink R, Hettelingh J-P (eds) (2011) Review and revision of
empirical critical loads and dose-response relationships,
Proceedings of an expert workshop, Noordwijkerhout, 23–
25 June, vol 2010. Coordination Centre for Effects of the
International Cooperative Programme on Modelling and
Mapping Critical Levels and Loads and Air Pollution
Effects, Risks and Trends, Bilthoven, Netherlands
Borger GJ (1992) Draining - digging - dredging; the creation of a
new landscape in the peat areas of the low countries. In:
Verhoeven JTA (ed) Fens and bogs in the Netherlands.
Springer, Netherlands, pp. 131–171
Ceulemans T, Stevens CJ, Duchateau L, Jacquemyn H, Gowing
DJG, Merckx R, Wallace H, Van Rooijen N, Goethem T,
Bobbink R, Dorland E, Gaudnik C, Alard D, Corcket E,
Muller S, Dise NB, Dupré C, Diekmann M, Honnay O
(2014) Soil phosphorus constrains biodiversity across
European grasslands. Glob Chang Biol 20:3814–3822
De Schrijver A, De Frenne P, Ampoorter E, Van Nevel L, Demey
A, Wuyts K, Verheyen K (2011) Cumulative nitrogen input
drives species loss in terrestrial ecosystems. Glob Ecol
Biogeogr 20:803–816
Elser JJ, Bracken MES, Cleland EE, Gruner DS, Harpole WS,
Hillebrand H, Ngai JT, Seabloom EW, Shurin JB, Smith JE
(2007) Global analysis of nitrogen and phosphorus limitation
of primary producers in freshwater, marine and terrestrial
ecosystems. Ecol Lett 10:1135–1142
Erisman JW, Grennfelt P, Sutton M (2003) The European perspec-
tive on nitrogen emission and deposition. Environ Int 29:
311–325
Falkowski P, Scholes RJ, Boyle E, Canadell J, Canfield D, Elser J,
Gruber N, Hibbard K, Hoegberg P, Linder S, Mackenzie FT,
Moore III B, Pedersen T, Rosenthal Y, Seitzinger S,
Smetacek V, Steffen W (2000) The global carbon cycle: a
test of our knowledge of earth as a system. Science 290:291–
296
Fay PA, Prober SM, Harpole WS, Knops JMH, Bakker JD, Borer
ET, Lind EM, MacDougall AS, Seabloom EW, Wragg PD,
et al. (2015) Grassland productivity limited by multiple nu-
trients. Nature Plants 1. doi:10.1038/nplants.2015.80
Freese D, Van der Zee SEATM, Van Riemsdijk WH (1992)
Comparison of different models for phosphate sorption as a
function of the iron and aluminium oxides of soils. J Soil Sci
43:729–738
Fujita Y, Olde Venterink H, Van Bodegom PM, Douma JC, Heil
GW, Holzel N, Jablonska E, Kotowski W, Okruszko T,
Pawlikowski P, De Ruiter PC, Wassen MJ (2014) Low
investment in sexual reproduction threatens plants adapted
to phosphorus limitation. Nature 505:82–86
Furlan V, Bernier-Cardou M (1989) Effects of N, P, and K on
formation of vesicular-arbuscular mycorrhizae, growth and
mineral-content of onion. Plant Soil 113:167–174
Galloway JN, Cowling EB (2002) Reactive nitrogen and the
world: 200 years of change. Ambio 31:64–71
Gotkiewicz J (1987) Ogólna charakterystyka doświadczenia
agrotechnicznego i łąkarskiego doświadczenia nawozowego
prowadzonych na terenie Zakładu Doświadczalnego
Biebrza. In: Okruszko H, Grzyb S, Łojewski S,
Mioduszewski W, Sochoń Z, Somorowski C (eds) Wyniki
25-letniego doświadczenia nad porównaniem wpływu
sposobu użytkowania i nawożenia na glebę torfową w
Zakładzie Doświadczalnym Biebrza. Instytut Melioracji i
Użytków Zielonych, Biblioteczka Wiadomości IMUZ 68,
Warszawa, pp. 21–31
Gotkiewicz J, Gotkiewicz M (1987) Dynamika plonowania oraz
jakość plonów z lak wieloletnich doświadczeń. In: Okruszko
H, Grzyb S, Łojewski S, Mioduszewski W, Sochoń Z,
Somorowski C (eds) Wyniki 25-letniego doświadczenia nad
porównaniem wpływu sposobu użytkowania i nawożenia na
glebę torfową w Zakładzie Doświadczalnym Biebrza.
Instytut Melioracji i Użytków Zielonych, Biblioteczka
Wiadomości IMUZ 68, Warszawa, pp. 155–177
Gotkiewicz J, Choromańska D, Sapek A (1980) Content of min-
eral elements in definite horizons of the upper layer of peat
soil differently fertilized and utilized. Polish J Soil Sci 13:
143–152
Gough L, Grace JB, Taylor KL (1994) The relationship between
species richness and community biomass: the importance of
environmental variables. Oikos 70:271–279
Grace JB (1999) The factors controlling species density in herba-
ceous plant communities: an assessment. Perspectives in
Plant Ecology, Evolution and Systematics 2:1–28
Grace JB, Anderson TM, Seabloom EW, Borer ET, Adler PB,
Harpole WS, Hautier Y, Hillebrand H, Lind EM, Pärtel M,
et al. (2016) Integrative modelling reveals mechanisms
linking productivity and plant species richness. Nature 529:
390–393
Grime JP (1973) Control of species density in herbaceous vegeta-
tion. J Environ Manag 1:151–167
Grime JP (1979) Plant strategies and vegetation processes. Wiley
& Sons, New York USA
Harpole WS, Ngai JT, Cleland EE, Seabloom EW, Borer ET,
Bracken MES, Elser JJ, Gruner DS, Hillebrand H, Shurin
JB, Smith JE (2011) Nutrient colimitation of primary pro-
ducer communities. Ecol Lett 14:852–862
Hecjman M, Češková M, Schellberg J, Pätzold S (2010) The
Rengen Grassland Experiment: effect of soil chemical prop-
erties on biomass production, plant species composition and
species richness. Folia Geobotanica 45:125–142
Hinsinger P (2001) Bioavailability of soil inorganic P in the
rhizosphere as affected by root induced chemical changes: a
review. Plant Soil 237:173–195
Huston MA (2014) Disturbance, productivity, and species diver-
sity: empiricism vs. logic in ecological theory. Ecology 95:
2382–2396
IUCN (2012) IUCNRed List Categories and Criteria: Version 3.1.
Second edition. Gland, Switzerland and Cambridge, UK
464 Plant Soil (2017) 411:451–466
Jickells TD, An ZS, Andersen KK, Baker AR, Bergametti G,
Brooks N, Cao JJ, Boyd PW, Duce RA, Hunter KA,
Kawahata H, Kubilay N, laRoche J, Liss PS, Mahowald N,
Prospero JM, Ridgwell AJ, Tegen I, Torres R (2005) Global
iron connections between desert dust, ocean biogeochemis-
try, and climate. Science 308:67–71
Kamínsky J, Szymanowski M (2007) Results of a long term study
on the effect of mineral fertilisation on yielding, floristic
composition and natural values of meadows on peat-
moorsh soil [in Polish]. Woda-Środowisko-Obszary
Wiejskie 7(2a):191–208
Kroehler CJ, Linkins AE (1988) The root surface phosphatases of
Eriophorum vaginatum: effects of temperature, pH, substrate
concentration and inorganic phosphorus. Plant Soil 105:3–10
Laliberté E, Zemunik G, Turner BL (2014) Environmental filter-
ing explains variation in plant diversity along resource gra-
dients. Science 345:1602–1605
LeBauer DS, Treseder KK (2008) Nitrogen limitation of net
primary productivity in terrestrial ecosystems is globally
distributed. Ecology 89:371–379
Maskell LC, Smart SM, Bullock JM, Thompson K, Stevens CJ
(2010) Nitrogen deposition causes widespread loss of species
richness in British habitats. Glob Chang Biol 16:671–679
Mirek Z, Piękoś-Mirkowa H, Zając A, Zając M (2002) Flowering
plants and pteridophytes of Poland. A checklist. Biodiversity
of Poland. Vol. 1. W. Szafer Institute of Botany. Polish
Academy of Sciences, Kraków
Mittelbach GG, Steiner CF, Scheiner SM, Gross KL, Reynolds
HL, Waide RB, Willig MR, Dodson SI, Gough L (2001)
What is the observed relationship between species richness
and productivity? Ecology 82:2381–2396
Okruszko H (1960) Muck soils of valley peat bogs and their
chemical and physical properties. Roczniki Nauk
Rolniczych 74:5–89 [in Polish]
Okruszko H (1989) Wirkung der Bodennutzung auf die
Niedermoorbodenentwicklung; Ergebnisse eines
langjährigen Feldversuches. Zeitschrift für Kulturtechnik
und Landentwicklung 30:167–176
Okruszko H, Sapek B, Szuniewicz J (1988) Balance of mineral
components in peat soil utilized for a grassland over 24 years.
Proc. 8th International Peat Congress, Leningrad, pp. 226–
233
Olde Venterink H (2011) Does phosphorus limitation promote
species-rich plant communities? Plant Soil 345:1–9
Olde Venterink H, Wassen MJ, Belgers JDM, Verhoeven
JTA (2001) Control of environmental variables on spe-
cies density in fens and meadows; importance of direct
effects and effects through community biomass. J Ecol
89:1033–1040
Olde Venterink H, Wassen MJ, Verkroost AWM, De Ruiter PC
(2003) Species richness-productivity patterns differ between
N-, P-, and K-limited wetlands. Ecology 84:2191–2199
Olde Venterink H, Kardel I, Kotowski W, Peeters W, Wassen MJ
(2009) Long-term effects of drainage and hay-removal on
nutrient dynamics and limitation in the Biebrza mires,
Poland. Biogeochemistry 93:235–252
Sala OE, Chapin III FS, Armesto JJ, Berlow E, Bloomfield J,
Dirzo R, Huber-Sanwald E, Huenneke LF, Jackson RB,
Kinzig A, Leemans R, Lodge DM, Mooney HA,
Oesterheld M, LeRoy Poff N, Sykes MT, Walker BH,
Walker M, Wall DH (2000) Global biodiversity scenarios
for the year 2100. Science 287:1770–1774
Siebel H, During HJ (2006) Beknopte mosflora van Nederland en
België. KNNV Uitgeverij, Utrecht
Smith CW, Aptroot A, Coppins BJ, Fletcher A, Gilbert OL, James
PW, Wolseley PA (2009) The Lichens of Great Britain and
Ireland. The British Lichen Society, London
Stevens CJ, Dise NB,Mountford JO, Gowing DJ (2004) Impact of
nitrogen deposition on the species richness of grasslands.
Science 303:1876–1879
Stevens CJ, Dupré C, Dorland E, Gaudnik C, Gowing DJG,
Bleeker A, Diekmann M, Alard D, Bobbink R, Fowler D,
Corcket E, Mountford JO, Vandvik V, Arild Aarrestad P,
Muller S, Dise NB (2010) Nitrogen deposition threatens
species richness of grasslands across Europe. Environ
Pollut 158:2940–2945
Stevens CJ, Gowing DJG, Wotherspoon KA, Alard D, Aarrestad
PA, Bleeker A, Bobbink R, DiekmannM, Dise NB, Dupré C,
Dorland E, Gaudnik C, Rotthier S, Soons MB, Corcket E
(2011) Addressing the impact of atmospheric nitrogen depo-
sition on western European grasslands. Environ Manag 48:
885–894
Szafer W, Kulczyński S, Pawłowski B (1986) Rośliny
Polskie, vol I & II. Państwowe Wydawnictwo
Naukowe, Warszawa
Tallowin JRB, Jefferson RG (1998) Hay production from lowland
semi-natural grasslands: a review of implications for rumi-
nant livestock systems. Grass Forage Sci 54:99–115
Ter Braak CJF, Šmilauer P (2012) CANOCO reference manual
and user’s guide: software for ordination, version 5.0.
Microcomputer Power, Ithaca, USA
Tilman D (1982) Resource competition and community structure.
Princeton University Press, New Jersey USA
Tutin TG, Heywood VH, Burges NA, et al. (1964–1980; 1993)
Flora Europaea, vol 1–5. Cambridge University Press
Van derMeijden R, Odé B, Groen CLG,Witte J-PM, Bal D (2000)
Bedreigde en kwetsbare vaatplanten in Nederland;
basisrapport met voorstel voor de Rode Lijst. Gorteria 26:
85–208
Van der Woude BJ, Pegtel DM, Bakker JP (1994) Nutrient limi-
tation after long-term nitrogen fertilizer application in cut
grasslands. J Appl Ecol 31:405–412
Van Dobben HF, Ter Braak CJF, Dirkse GM (1999) Undergrowth
as a biomonitor for deposition of nitrogen and acidity in pine
forest. For Ecol Manag 114:83–95
Van Dobben HF, Posch M, Wamelink GWW, Hettelingh J-
P, De Vries W (2015) Plant species diversity indicators
for use in the computation of critical loads and dy-
namic risk assessments. In: de Vries W, Hettelingh J-P,
Posch M (eds) Critical Loads and Dynamic Risk
Assessments: Nitrogen, Acidity and Metals in
Terrestr ial and Aquatic Ecosystems. Springer,
Dordrecht, Netherlands, pp. 59–81
Van Duren IC, Pegtel DM (2000) Nutrient limitations in wet,
drained and rewetted fen meadows: evaluation of methods
and results. Plant Soil 220:35–47
Vance CP, Uhde-Stone C, Allan DL (2003) Phosphorus acquisi-
tion and use: critical adaptations by plants for securing a
nonrenewable resource. New Phytol 157:423–447
Von Liebig J (1840) Chemistry in its application to agriculture and
physiology. Taylor and Walton, London
Plant Soil (2017) 411:451–466 465
VSN International (2014) GenStat Reference Manual (Release
17). VSN International, Hemel Hempstead, UK
Walker TW, Syers JK (1976) Fate of phosphorus during pedogen-
esis. Geoderma 15:1–19
Wamelink GWW, Ter Braak CFJ, Van Dobben HF (2003) Changes
in large-scale patterns of plant biodiversity predicted from
environmental economic scenarios. Landsc Ecol 18:513–527
Wamelink GWW, Van Dobben HF, Berendse F (2009) Vegetation
succession as affected by decreasing nitrogen deposition, soil
characteristics and site management: a modelling approach.
For Ecol Manag 258:1762–1773
Wassen MJ, Olde Venterink H, Lapshina ED, Tanneberger F
(2005) Endangered plants persist under phosphorus limita-
tion. Nature 437:547–550
466 Plant Soil (2017) 411:451–466
